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1 INTRODUCTION:  SATURE OF 
THE I’RORLERI 

The esheiice of the dogma, so acccptable to  our time, 
c m  bc briefl) bimmarized by the following familiar 
dingran : 

DN4 + R N 4  + Protein. 

Here, the arrons ,ire niemt to indic:rte flon of in- 
forrii,ition. The prcmnption 14 that the genetic in- 
formation coded in tlic b‘ihe sequence of DSA4 is 

ultini:itell t r , rnmdxd  into the :imino acid scqiieiice 
of protein id ‘a polj ribonucleotide interincdiary. It 
is the p r i i n q  purpobc of tlir present paper to focus 
attention on tlir firct .trp in this chain of c\ciiti 

The wiiplest iniagin,ible traii-cription rncchaniiin 
one ran propose nonld buggrit tli 
mentar! l l l -Ai  ropic~  of the DNA4 The RKA4 SO formed 
nould rniinic the bci\c r‘atio of ita parcntal DNA pro- 
\ iding one of the trio folloning condition< \\:is sdtih- 

fied 
(a )  Both -trantl. of the IISA tire rrnploJ etl as 

trmp1,itcq for complemcnta-) ItSA kyiitlie-i-, or 
(b) The o\er-:all bdhe coinposition of tlic t n o  coni- 

plerncntciri stmntlt of DN.4 arc thc same or ncmlx 40 

Clonip:iri~oii of thc b‘ihr composition. of the total 
RNA4 among bactcri,t of 11 i d d j  differing DN.4 rom- 
position. (loci not cneoiiragc tlic helicf that  :a major 
proportion of tlie rcllulx IISA i i  mdlogou> to its 
homologous DXA E\:imiiizitioii of the p r inc ip l  HN.4 
molrciilar specie- re\ c:il. a siirprisiiigl\ nmforni plc- 
turc among rather unrclntctl o r g m i i n i ~ .  Three m:rlor 
component- arc iiiiiwrsally foiind n liicli are dls- 
tingui,ih,ible by their ~ctlirncnt,itioii conxt:inth (%S, 
169, and 4s) The  235 ‘ind 16s v‘arirtie. ha\ e the .ane 
h b c  composition-, ‘ire found iii tlic ribocomri (Kiir- 
lmd, 1’36O), and constitutc appro\imately 85% of 
the total RXA4 of thc ccll The 4S x,zricty ha., in gpn- 
mi l ,  a cliffcrrnt h e  r,itio and i y  fonntl in the , q )e rna te  
or “soliihlc” fraction 

Thus far, none of the tlirec major componcntb hive 
vdiibitcd ani- dptectablc correlntion in their base r‘itio 
n i th  the DiYL’A rompo~ition of the cell, from \vli~ch 
they are dcriretl rl’lii< I‘ illwtr,rted in Fig 1 111th 
rcspcct to  ribowni~il RN.4 Figiirr 1 reprodiiceh Brlo- 
zerhky and Spriii’h (1958) r e l n t m  plot of total RNA4 
h a ~  roniposit ion (opcn circle.) \ c r w  homologous 
DSA ant1 incliidc~ a. ~ o l i d  circlcq data on rihomn:il 
RYX (239 + 16s) ohtained from D prrturnonzar, and 

’12. lysodcikticus (Woesc, 1961), E .  coli, Ps.  atrugitiosa, 
arid B .  megaterium (Hayashi and Spiegclnian, 1‘361). 
Although t,lic information on ribosomal 13 SA is still 
scant>-, the five s:iiiiples :rwilable do dcril-e froin 
organisins w1iic.h extend over n conxitlcr:tble portion 
of the GC range of DS.4 base coinposition. Scver- 
thelcss, thc riboaoninl (C + C/A + U)  ratios fall 
within rather ixirrow limits and slioiv iio corrclntive 
tendency. Such data suggest that thc coiiip:rr:itivcly 
slight correlation iblishecl by 13c4ozcrsky aiid his 
eo-workers b c t w c  ilk I I N 9  and Iioniologoiis DN.4 
is to be ascribed to  :I sriinll fr:ictioii of thc cdliilar 
IINL4. If, thercforc, liopc, is to be rrt:iined for the 
existence of tlic simple tr:inscription niechanisin pro- 
posed :hove, it will h ive  to  he ussuiiicd that, :a c p n t i -  
tatively minor conipoiiciit of tlic IISA is involvcd in 
trnnsferring informat ion froin USA to the protein 
synthesizing inachiiir. From the viewpoint of such con- 
sitleratioiis, t hr noriiid erll ~voultl not nppeur to reprc- 
sent itleal nintcri:rl for thc initial search for tlic 11s-4 
which progrmis protein syntli 

Sevcral ycars ago my rol1e:igiics m t l  I tlccidcd to  
turn our attmtion to the lis infcrtcyl cell. Tlic bar- 
terial-viriis complex posse 1 :I nriiiil)cr of obvioiis :it- 
tractive x1v:int:igrs for t rspcrinientd :in:rlysis of 
tlic rehtioiis aiiiong TIS-4, RYA4, and protein. In tlic 
first plncc, t h c s  &ita accumulatcd over the past 15 
ycars siiggesttvl that infcrtioii of b:icteritil cells with 
virulent viriises is follow.ct1 by :L restriction of protein 
x i t l  riiiclcic acid synthesis to  :I coiiipnrativcly sm:rll 

of ni:icroiiiolrciiles rt+Jv:int to tlic forniation of 
viral components. Serontl, ant1 more important, were 
the (qmi inc i i t s  of Yolkin nntl Astmclian (1’356) 
~vlio cieiiionstratctl the incorporation of 1’“’ into an 
R S A  fraction wliirli n distingiiis1i:ible by i t a  ap- 
p:rrent h a c  ratios from the bulk of thc host’s 11?;,4. 
Thcsc ratios werc tlctcrrriincd by estimation of the 
relative P” content of tlirl corresponding 2‘-:3’ Iiiiclro- 
tide,. isolnictl from :in :rlkalinc hytlroly~ntc of R S A 4  
from in fec td  cclls. Of greatest interest ~ v n s  tlir fact 
t h t  the niimbers so obtninrd appeared to iiiiinic the 
UN-4 hnsc ratio of the infecting p:rrticle. Here, we 
1i:ive tlic first suggestion of a complrmentary R N - 1  
wliirli codti  play :in i rrnntionnl role in the syii- 
thesis of :I pnrticiilar el of proteins. The intrigiiing 
implications of tlicsc observation.< madr it iiiand:i- 

tory that thcy hc cxtrntlrcl in sevrral directions. 
Thc cxistcmcc of :in IiN.4 pecu1i:ir t o  vim- iiifccted 
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question\ raised In atlclition to r,idio,icti\ e labeling, 
two technique. ~ C I P  used 111 thi- iin e,tigatioii to PX- 

miirie tlie nature of the RXA4 >> iithemcd follonirig 
iniectiori with T'L One iin ol\ et1 zoiic clrctrophore-i- 
through starch coliiniri. (Rotii im and Spirgclman, 
1954) Tlic otlicr ciiiplo: ctl centrifugation throiigh 
liiie,ir -iicrohe grdtlicnti tlei eloprtl bj  Britten :md 
Robertr (1960) T1ie.r procctlurel nere iisetl to ex- 
miiiie iso1,rted ribo~oiiics ,rnd purihetl RSA preg.iretl 
f rorii ribosomes by tlic 1)lienol prorctliirc 01 Gierer 
and Schrainm (1950) The cI,rt'i \o obt:uned -1ioultl 
detect difference\ 111 size, ck t rophore t ic  iiiohilit\ , 
untl degree ok ,irioci:rtion n itli ribomrich 

An exmiiriatioii na. fir.t m d c  01 the tliitribution 
of I l S A  SJ nthesizetl iub,equent to  T2-infection Here, 

cwrci-cd to iihe ccll b r c k i g c  m t l  extrcictioii 
s \rliich insured integritx of the  ribowme* It 

nab found that n i th  -uch inethotly moit (63%) of 
t tic nen 1) i> n t h c w d  K S A  TT <I< rilio+omc boiind HOM - 
cvcr, tlic ai*ociritioii of tlic ncv X N 4  in1 o h r d  :I 

1irik:igc 15 hicli n:t. riincti iiiorr 1,il~ile to Ion IlIg con- 
eentr<itioiis tli'iii that nhirl i  cli,ir,Ieterize. normil 
riho.oiri,il RS.4 

This I \  illii~tr:ttcd in Fig 2 nliicli clc-cril)c. thr  re- 
.idti of clcctrophorr+ rxprrinientz of riho-oinc frac- 
tion. obt,rincd froin 'I'2-iiifectrtl cell. I n  t h e v  CY- 

perinicnt., frer rihohoni,il X S 4  n incliitletl a s  :t 
ni'rrkrr m t l  I- rcprc-cntrd 111 tlic Ic,icling I)wh of thr 
ol)tic,il deii.it> profilr It ~ 1 1 1  be noted tti:tt 'it 5 x 10 
11 Mg" thp hulk of the i i t ~ l v  -1 ntheyizcd RKX (r'- 
1,rbrlrtl) tra\(+ 11 itli tlie ril)o.omcs :ilttiorigh there is 
borne ,rlqi.irciit (11s-ociation evident c w n  a t  tliih level 
of rri;ignriirini When the ni,igiir-irirn concentration 
i i  loncrctl to  1 x 10 ' 51 i m i t  ol t he  ratlio,wti\c R N A  
lcCi\ ('- tlic r ihomnci  m d  tr'il el. '1- free RX-4 Under 
m u h r  contlitionh, no dctert,ible -rp,ir,rtion of normal 
ribohoiricil RX 4 froin the niicleoprotrin prrticle. c,in 
he tlrtcctetl 

3Io.t qnific:mtlT, it nil1 be noted from the lonpr 
half of Fig 2 that the liberated labeled R S A  move< 
fa-tcr t h m  thc :~tldrtl cm-icr E colz IiSA This tlif- 
ferencc in elertrophorctir mohilitJ pro\ ided the fir-t 
c~i t lcncc t h t  the R S A  ntlie-iml in a TZ-infected 

intlcetl <L chitinrt eiititl which c o d d  be 
ph\ sic~illv wpnr,itrcl from thc biilk of the pre-exi-tent 
ribo.oni:d R N  4 Thi- proprrtx WA+ examined in 
greatcr t1rt:iil with piirified RW.4 I-olatcd by the 
phcnol rnetliotl Figiirr 3 coinpares the result- of :in 
electrophoretic anal of ribomnal RSA prepared 
from T'L-infected nntl control cell. iubjeeted to  
pii lw of the -;line diirntion It is clear that virtunllv 
all of the R N 4  irnthe.izcd in the TZinfected cell 
po-.esbe. :I liighrr electrophoretic mobility. I n  the 
c : i ~  of thr non-infected cell, the major proportion 
of tlie R Y 4  ivnthesizrd po*scsses :I mobility very 
simil'ir to  that  of the non-lnbcled pre-existent ribo- 
qom:il RT.4 

4nothcr differriice between iiorinal aiid infectcd 

I,' 1.0 L 
FIGURE 1. Rrlntire plot of haw composition of KKA 
:inti DS.4 from thr s a i n ~  oi,ganisms. Open rirclrs :ire 
Brlozrrdiy's (1959) data on total RNA from 22 b:tt.tcri:i. 
Closed circles NP data on i~ihosomal R1-a from five 
hxctrria ( Woesr, 1961 ; H:iyaAi :inti Bpiegrlmnn, 1961). 

cell. i b  infcrretl from the Volkin-A.truclian experi- 
ment.: iolel) on the b of the diitribution of iro- 
tope among the four h t i d c s  In  tlie nb>encc of 
further information, it n a s  pohiible to  interpret thcie 
resnlth in terms of unequal pool labeling :rnd othcr 
conceir ,rble complications It TI a- elearl\ of importance 
to  pro1 idc independent ex idencc in support of their 
inference Tlic uncquivoccil proof of the existence of 
n "T'L-.pecihc" R N 9  n auld ininictliatel\ generate :t 

1io.t of new c\perimental pmhibilitiek. 4- ;L convenient 
giiitlc to tlir follon ing dihciiision, TI e mi 

quc.tion- TZ hicli stiinnlatcd u h  to  the performnncc of 
the cxperimenti n e v ill de-cribe 

1) Is it po-iible to effect ;I ph>wLd i ep r< i t ion  of 
the WSB formed subicquent to T'L-infection a n d  thus 
pro1 itlr proof that "T2-bpccific RNA" exiits ') 

2)  Wli:it rcl,ition, phx-ic~~l  or other, doe. the T2- 
ipeeific RNA hat  e to  the nornial RNA corit:tiiiing 
coitiponenti of the cell" 

3 )  Is the .iiiiilarit\ of Iia-e ratio. bctnern T2-1lSL4 
:iiitl IlYA '1 rcflclction of :I more detailed identit) in 
term- of bn.c scqucncei'? Morr ipecificall~, arc they 
coni plenirntary ? 
1) Can oiic find cvideiicc of ii:tturdl> occurring 

RN&I)NA coniplexrs predicted by the niiumption 
that RSA4 complementary eopie- are the normal inter- 
mcdi;rtei in the flow in inforination from the genome" 

5 )  Does a similar type of complementary RNA4 
alia exist in normal non-infected cells 

I t  will be noted that the poring of each question 
makes irn-e only if the preceding one has been an- 
snered in the nffirmatiac. We now iiiidrrtnkr t o  tle- 
scribe the nature of the experiments vchich lcd 11s to  
there ronclusions 

11. PHYSICAL PROPERTIES AND LOCATION 
OF T2-SPECIFIC RNA4 

Noinura, Hall, and Spiegelman (1960) undertook 
to  obt:iin information pertinent to  the first two 
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FIGT-RE 2. Sitarch coluinn electrophoresis of the ribosome fraction of T2-infected cells. (a) Electrophoresis i n  0.03 
LI-tris, pH 7.8 with 5 X M Mg++ after 3 hr dialysis against this solvent. Duration of run-13 hr at 8.0 v/cm; 11 
ma. (11) Electrophoresis in 0.03 hl-tris, pH 7.8, I X iL2 M y + +  after 21 h r  dialysis against this solvent. Durarion 
of r w - 1 3  hr at 6.0 v/cm; 4 ma. 1tik)osomes used in this experiment came from T2-infect)cd cells exposed t o  Pa* tiet,weerl 
5 and 7 rniri after infection. E. coli part,icle RNA (prepared k)y the phcriol method) W:M added as a marker just  before 
electrophoresis. After elution of each fraction from starch OD a t  200 mp was measured; theii the acid insolrihle 1’92 

which wits solrihilized by RSAase \vas counted (corints/inin curve). 
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FIGCRE 3. Starch column electrophoresis of P3* rihosome RNA. (a) RNA from T2-infected cells, given P3* het\ceen 
5 arid 7 min atter infection (b) RNA from control cells given a 2 min P32 pulse. In each case, electrophoiesis vas 
carried out for 10 hr  a t  8.0 v/cni, 0 ma in 0.03 M-tris buffer, pH 7.8 



78 SPIECELMAN 

FRACTION NUMBER -+ 

FIGURE 1. Sedimentation of P32 part,icle RXA. (a) RNA from T2-infected cells, exposed to  I’32 1)etweeii 5 and 7 min 
zifter infection. (h) RNA from the control cells given a 2-minute 1’32 pulse. 0.25 mg RXA in 0.03 11-trin (pH 7.8) were 
layered on -1.4 1111 of sucrose solrltion, with a concentration gradient, from 3 to 2Of,;,. This was centrifuged for 8 hr at 
37,000 rpm. Fract,ions were collected by piercing the lower end of t,he tube and collecting 10-drop fractions. To each 
fraction 1 in1 0.03 hl-tris buffer was added; optical density a t  260 mp and Psz content were then nieasrircd. 

cells emerged when ribosomal RSA syiitliesized dur- physically q) : i r :h lc  entity. The features n-liicli serve 
ing short ( 3  min) 1’”‘ pulses was examined by to  clistingiiisli it frorii normal rihosoiiial RN.1 m;iy 
centrifugation in linear siicrosc gradients. Figure 4 be listed :as follows: a) :I h : ~  ratio lioiriologous to 
coinpares the profiles obtained in t,lie two situntions. the viral DNA, b) 1net:ibolic instal)ilit>-, c )  a highrr 
The first, pc:ak in the opt,ical density profile cor- electrophorctic mobility, cl) :I grwter  lieterogcncity in 
responds to the 23s component and the second to ,  the size with :in :rvcrage aetliinentntion const:mt loivcr 
168. The striking difference between the infected and thnn 16s. 
control pulses is that, little, i f  any, of the RNA syn- 
thesized in the T2-infcctcd cells corresponds to  the 
two main ribosomsl components. There is very little 
concordance bctween the O D .  and rndionct’ive pro- 
filrs in the 23s and 16s regions. hIost of the RNA 
formed subsequent to  T2-infection appears to  possess, 
by these methods of isolation, a sedimentation lying 
b c t w r n  8 and 128. In  the non-infected control we 
note a eonsitler:ablc formation of R S A  characteristic 
of the 288 :and 16s vnrictirr. It iniist,, liowevcr, again 
bc emphasized what, is cle:irly rvidrnt, from thc two 
scts of curvcs of Fig. 4. The synthesis of the sm:tller 
sizr of I tNS  is not unique t,o the virus infected cell. 
Tlic short 1”42-p~ilse (Fig. 4b) re:tdily exhibits its ex- 
istcnce in thc iininfcrtctl controls. These exprrirnentr 
rcvenl that the esreritinl effect of infection with T-iriis 
is :i prcfcrcntial slippression in thc synthesis of the 23s 
a~ i t l  168 RN.4 species. 

I n  siininiary tlicn, thr experiments jiist, dcscribetl 
establish thr  existence of a T2-specific RNA :IS R 

111. HEQTESCE ( I O ~ I P L E ~ I E S T ~ ~ I ~ l T T  O F  
T2-l)KA .iND T2-SPECIFIC R S A  

1 fir prorethires cniployed (zone electroplioresis and 
setlinicntntion) in the invwtigntions just >uiiirii:irizetl 
lctl to tlic srlcctive nrparatioii of T2-.q)ccific RSA.  
They, thcrcfore, opcned u p  tlirl po.4iiIities for fiirther 
experiments rclevant to  an  undrrstanding of its na- 
tiirc. The fact that  T2-RSA p~~-ses>es :I I J : I S ~  ratio 
;indogous to  that  of T2-L)SA is of interest principdlj- 

that  thc siiidarity i m y  go further 
etailccl rorrespontlcnce of base se- 

qiimcc. Thc central issiic of the significnncc nntl 1iic:aii- 
ing of T‘2-RSA is wliet1ir.r or not this i.<, in fact, t h r  

-1 dirrct ntt:ick on t1ii.q qiicstion by complete se- 
qiience determinations :mtl is tcclinicnlly not 
fcaaihlc. Howrvcr, tlic fintlings of Xirnirir  (IDGO) m t l  

ct crl. (1960) siiggt,st(d tlie possibility for :in 
il1umin:rting cx1,erirnrnt. Thcsc :iiithors tieinonstrated 

, 7  
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the spccihc rc>foriii,ition of cioublc ttraiitled DS-4 
nlieii l i c ~ t  tlen,ituretl DSA 13 subjected to  a sloiv cool- 
ing process. P~ic l i  rccon.titution of double strmded 
structurcb occur> onl: hetncen D N A  htrnnds iihich 
origin'itc from the smie or c loicl~ rc1:tted organisms. 
Prcsuiii,ibl\-, the  -1mificitj reqiiircineiit for a sue- 
ce-4iil iinion oi t n o  *tranclq reflect< the ncrd for 
'1 perfret or iic><ir pcrfect conipleineiitnrit) of thcir 
iuiclc,otitlc ~eqiieiicc. We 1in\ r herr, then, '1 method 
for detecting tlic coiiiplciiicnt;lrit\ of nucleotide ae- 
qiiencc'. in tn  o rtrcantl- of pol> nucleotide The form'i- 
tion of :I doiiblc -tr,indetl 11) brit1 Ytriicture during tlie 
 OW cooling of J mixture of t n o  tlpeh of pol>- 
iiuclcotitle ~tr,intl* c m  I)e ,icccpted :is provisiontal evi- 
tlciice for coiii~~lciiient,irity of the b'iies of the input 
btr,uitl. 

HA1 m c l  PpiegeIin,in (1961) einploj etl this pro- 
crtliirc to  exminir for the complementcarity of sc- 
quencey bctn een the T2-RX.4 niid the T%-DNA. Piiri- 
fietl T%-W\.1 n ii\ctl in  order to  pro\itle an optirrial 
opportunit! for the T2-KNS to combine with its 
DXA coniplcinciit nnlnntlcrcd b j  non-ipecific inter- 
action> in\ o h  iiig i r r e h  m t  RNA4 Since the hybrid 
n o d d  ha\ c '1 lov,er dm\it! t l im  iincombined RNA, 
'I qxir, i t ion of tlic t \ \o should be attninable bj  q u i -  
Iihrinm centrifiig'rtion in c e w m  chloride grndicnts 
(Meselson, Stdil ,  and T.-iiiogratl, 1957). To insure 
3 sensitn e and unmibiguow detection of the hybrid, 
~hould  it occur, tloublc 1:ibeling 
T'I-KNA4 MA-- m,rrhetl n i t h  P3', and the T2-DNA 
ni th  tritium T n o  iwtopeb emitting beta particles 
differing m their energieq are con1 cnicntl5 nwt) ed in 
cwh other'. pre>encr in a hcintillntion spectrometer 
This [lei ice, coupled with the u\e of thc swinging 
hicket rotor for equilibrium centrifugation, permits 
the nctual iholatioii of the prrtincnt fractions along 
n i th  a ready aiid certain identification of an) h! bridc 
formed. 

RZixture. of l'"--l:ibeled T2-RKA4 and H'-labrlcd 
single htranded T2-DSh nere ~nb jec t cd  to  >low 
cooling The1 w r c  tlirri piit in C\C1 and crntrifugcd 
to dcn>it\ equilihration Figurc 5 slion s the optical 
tlcnyitT profile- ,ind the distribution of tritium and 
1'" obt:tincd froni three 1)rep:ir:itions .low-cooled 
from different ytarting tcmpcrntiires Cornparicon of 
the profilcb of tritiuiii and Pi2 >how that in all threc 
c'ibeh JOJT cooling of the DN-4 and RNA prodiicrd 
:I new peak of PI2 npproximatrly crntered on the 
band of tritiiiin (tlenntnrcd DNA4) This new P" con- 
t:uning b,md ini1.t contain n DNA-RN4 h? brid having 
npproxim:itel\ the ,idme densit! :I\ dcnntured T2- 
DSA. The nmoiint of complex formed on cooling from 
the tlirrc teinpcr'itures n a b  the sxme within experi- 
incntd  error The threc tliffcr 4ightlv, honexrr, in the 
tlcn-it\ of the complex rclati\e to  DNA4 

Expobure t o  the -lo\\ cooliiig proceqs ic: necessary 
<inre :in uncooletl mixture of T2-RSA4 and  single 
itr~intlctl T2-DiYA4 cxliibitcd no P3' pcak in the D9.4 

icgion nlieii d ~ j e c t c t l  to a ccntri1ug:il a n d )  
therinore, tlic preicncc of \ingle stranded 
necessary (hiring th r  coolirig proec-> Double <tr;tntlctl 
DSA4 i> iinable to form lijbrid nit11 RSA iindcr 
tliesc condition> FinallT , the 'ibilitj of T2-RYLI to 

found to be rpc i f i c  for T % D h  1 Thu., 
n Iicn the cooling proccbs c*<irriccl n i th  iiiixturcl- 
of P"--l,rbelcd RhL4 ot T.2 and tlcrintiircd D S h  from 
hcterologoui \ourcc\ (Pseutlorrionns aeruqmosa, I?' 
coh. and bncterioph,ige T5), 110 evideiicc of yignific:int 
11) brit1 forin,ition 11 oli-er\rtl I t  i b  of intcre-t t o  
not(, that ,  although T5 h,c* the ~ i i e  ox cr-all IMW 

intrr,iction of T2-RN 1 

coi1r.c of thih in\ e<tig:i- 
tioii \lion ed th,it RSA inolcciilc~ \! i i tht~ized in b'ic- 
trrioph:ige infcct(4 crlli have the nbilit! to form :I 

nell-defined coinplex n i t h  dcmturrtl  DhiZ of the 
I irii- FurthrJr, this intcractioii I- iiiiiqiie to the hornol- 
ogo~i \  p i r  :i\ \honn bl thc, v i r tud  :ihwiee of surli 
coiriplexci M hcn T2-specific RS.l I\ -1onl~ cooled 
n i t h  hctcrologoii. DNA The fact that T2-RNA nncl 
DSA do wtisfi the specificit! reqiiircirient must re- 
flect n corrc5pondencr of Ytrueture brtnccn thc t n o  
Striictur,il hpecificiti of this order in \ingle pol) - 
nucleotitlc str,iritl\ rail only reside iii spccificd *e- 
quenccs of niiclrotitlci I t  1% a \  concluded, tliereforc, 
that the rnobt likcl) intrrrc1,ition of the nucleotide 
aeqiiencch of T2-L)SA ant1 R S - l  is oiic nliich 1- rom- 
pleincntar\ in term\ of the \chcnie of 11) drogrii bond- 
ing propoied b\ Vi7:at~on :rnd Crick (1953). 

IV. THE OCCTTRREhCE OF SL4TITR.4L 

E ('OLI T2 CORIPLEX 
1)NA-RD; 4 COLIPLEXES I N  THE 

The fact that e\ idencc coultl bc prowled for <e- 
qiicnce complemcntnrit! between n specific KNA4 and 
it\ horriologoiis D9,4 lends ob\ious >upport to  the 
supposition that the norni:il process of tran<ferring 
information from DNA to the protein s! nthesizing 
machine i r i i  olvcs ,i mechanism whercbj m g l c  stranded 
DNA s e n v  as :t template for tlic pol~nierization of 
a eomplcnientar! ribopolj niicleotide 
formation of cornplcinentnry RNA4 is :I 

comit:int, it .hoiiltl lie pohsible to fii 
lirbritlo in mj cell :irti\ely cngagetl in pro tnn  iyn- 

gelmnn, H J I ,  :ind Storck (1961) undertook to 
find hnch coinplexe-, :ind the T2 B colz sjstem naq 
vlccted a? the inmt suitnblc in thc initial ararch for 
nativc h i  tirid The exprriinerital dcvices cinploj et1 
wcre similar in e i w w  to t h o v  iisctl in t 
investigation on nrtificidlj formed romp1 
irivolvctl the use of double Libcling :rnd 
centrifiigntion in ccbiuin chloride gradient< employ- 
ing .winging hnckct rotor* The  T2-DSA WLI> lnbcled 
with In gronth of the viriib in a medium containing 
this isotope T2-specific RNA \vas mnrkcd n i th  tritium 
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FIGT-RE 5 .  Fornuition of DXA-RNA hybrid at, various temperatures. CsCl-gradient reritrifugation  anal,^ 
RXA(T2) (14 p g )  arid Ha-DNA(T2) (6.5 p g )  were mixed in 0.6 nil 0.3 M XaC1 and 0.03 M Na citrate, (pH 7.8); then 
the solution was immetlintely placed in  the slo\\--cooliiig hath.  Three identical solutions were imide; (it)  W R S  placed 
in the bath at 65", (b) at 52", :tnd (c) a t  40°C. When the bath temperature reached 2G", CsCl nnd 25 pg T2-DNA were 
added to each sohition ; then they were centrifuged for five tlitys at, 33,000 rpm. 

1400 

by iiitrotliicing tritiated uridine. I t  is known that some mcnt the prcscncc of DNA-RSA hybrids moiild be 
uridine ends up as thymidine once DNA formation signaled by the appcnranre of coincident peaks of the 
begins in the T2-E. coli complex. To avoid the corn- two isotopes. Fnrther, thcse pe:iks should occiipy a 
plications this \vould introduce in identifying radio- Iioaition in tho ccsiiim cliloritlc gradient differing from 
actire pcnkr, the in i td  search for hybri(1s was con- those which chxrcterize tlic densities of RIY-4 and 
fined to the period (2-5 minutes) when no DXA tloiible stranrlcd TISA. 
synthesis can be detected. I n  :I tloiible label esperi- .4 viiric,ty of procdures  were surveyed for oh- 



taining ni:itrri:il siiitablv for the reliable detection of 
1)S.I-RN.4 hybrids by cr,<iiini chloride tlcn.sity cqiii- 
lihriiini cmtrifiigations. I t  w i s  rnipirirally c s t h  
lislird t h t  rcmiov:tl of most of tlic protein w:is :t 

necessary step prior to  introtliicirig the inaterial 
into the cesiiini rhloricle. In tliP :ih.senrc of t1ii.s prc- 
I i n h i r y  piirific:ition n i i i c h  of thr. niiclcir : i d ,  in- 
cliitling hyhritlizcd ni:ltui:il,  \\ tmppetl in the pro- 
tein layer foiintl flo:iting at tlie top  of the gradient. 
Tlie procrdiire iiltini:itc4\- ntlo1)tcd ronsistctl essentially 
of the first t’(v (Icljrc)tc,iniz:ition stage:: norrndly 
(l\I:irnmnr, 1961 ) ciiiplo\.ctl for p repr ing  DS.4 from 
buctt~riil rc4ls. Two iiiodifir:itions were rii:itlc. Sone  
of the .steps tlcsignctl t o  rcinovc liSA4 is inchitled. 
Fiirther, ;it the :ilcoliol prc’ripitation stage centrifiig:i- 
tion, r:itlier than wintling around :i glws rod, is iiictl 
to collrct th r  niiclcic :icitl. Such DSX prqxirxtions xrv, 
of coiirw, Iiwvily cont:iniin:itctl with 1iYA4 1)iit w r w  
well tliv intcntlctl piirposr. 

I n  eq)<>rirrirrits vvhicli eniploy I””-laheletl ‘r2-1)N.L\ 
:ind tritiated iiritlinc, :is tlic 1iS.S marker, existence of 
hybrid woiiltl br dctcrtctl :is :I tritiiini peak in the 
TIS.4 rryion sonic\vli:it heavier t l i nn  the 1’”’ peak 
rorrcipontling to tlic T‘2-L)SA. Tlic 1’”’ 1)wk slioiilcl 
esliihit signs of l)inio(l:ility :is evidence of distribution 
of thc T2-DN.4 h t h w i i  hybrid and unhybritlizrtl 
T2-DS.4. Figiire 6 tlc.srrihes tlic rcsu1t.s of ii typiral 
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profile oht:iinctl by snbjectiny :I niiclcic acid 1)rqxir:i- 
tion from :t 111iIw l:ik)(~letl T2-infrctctl c ~ l l  to rqiii-  
liluriiim gr:ulirnt ccmt rifiig:ltion. Thrcc pc:iks :ire’ 

rratlily tliaccrniblc. The lightest oiic corrcspontls to  
thr  input l’:%ib(~lctl IlXA4 of T2. Tlic optical tlcrisity 
pxik idcntifics the position of doiihk itr:intlctl E. 
coli DS.4 p i t  in :is :I mirkrr .  Thc. tritium pc:rk 
locates the hyhritl. Fiirthcrniore, :I ,shoiiltlrr ni:ikrs 
its appcararicr on tlir hcvivy sitlc of tlie I”” 1)rofilt~ 
corrcqjonding in poiition to tlic tritiiiiii pc:ik region. 
The re1:itiw positions of thv pc:iks :inti tlic hiniotl:ility 
of thc P 2  distribution art’ :ill ronsixtcnt with w h t  
would hc prctlictctl from thc. osistciicc of :I I)SAI-liS.4 
hybrid. 

If it be nrsiinirtl that :t stii:iIl :inioiint of T2-DN.4 
c:in be synthcsizcd c w n  in t his wr ly  pcriotl of in- 
fection, :mother intcq)rctntion of the optic;il tlcnsity 
:ind r:itlio:irtivcx profiles c;in be rntcrt:iinrtl. This 
n.oiiltl presiinw the :ippc:irmce of nwv H”-l:ihrletl T2- 
DSA, all in the t’oriii of single stran(lctl in:rtc,rinl, along 
with the conversion of‘ i i  portion of tlic inpiit I’”’-l:ihclrtl 
DNAI to singlr str:indi. To trst for this po.+ildity, 
the :ilk:ili lability of the tritiinn :ind P” in relcwnt 
fr:iction,s of :I niin1bc.r of ospc~riiiicnts w i s  esxiiinctl. 
T h e  .same results werc oht:iinctl in a11 c:iscs arid :ire 
exemplified hy thc chta siitnni:irizr~l in T:ihlc I .  
Herr, the two fr:ictions intlic:itrtl hy : i r row in Fig. 6 

;, ! :! CsCl SWB 3 3 K 6 0 h r s .  
(3-5 min. after mf 

4 
! 

- -  
I O  20 30 40 5 0  

mi - 
F I G ~ R E  (i Equilibrium density centrifngation in CsCl of nucleic acid from T2-infected cells Adsorption of phage 
mas carried out a t  a multiplicity of 15 of undiluted P32-labeIed virus Pulsing was done hetbbecn 3-5 minutes after zero 
time \+ith H3-1iridine having a specific activity of 530 pc/phf at a level of 1 pg/ml. Xote  that the radionctivitv scale 
is expanded in the hybrid region. 
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were suhjwtecl to :ilkdi digc ion, :inti tho resiiltuut 
cffoct on the :icitl 1)rccipit:ib 
wi,q ex:iniinctl. Fr:ic+on 7 iv;is ii 
control. I t  i,s witleiit from the d:it:i in  Tablc 1 that  all 
of thc, tritiiiiii :id iioiie of the 1':" coiints arc alkali 
1:ibik. T l i c s ~  tlnt:i ti1)iic:ir t o  c4iniin:itc thc 1)ossi- 
bilit!. t h i t  tlic cIis1)laccd tritiiirii p(>:ik c:in lie a.-crihetl 
to r i c v l ~ .  ayntliesizctl singlr str:iritlctl 1)X-i. 1 t is :ilso 
vvitlrnt tli;it t l r r  clispl;icc~tl 1"" c:iiiiiot bc n.qeribctl to  :I 
coiiv(~r.sioii of the  inpiit viral USA ronipo~i t~nt ,~  to :in 
I-: SA ~~ol~-ii~iclroticle.  

K c ,  may coiicliiclr, therefore, that, :I hybrid exists 
containing nc\vlj- aynthcaizccl T2-spccific 11N-4 com- 
111c.s with soi i ic  of the input I"" labeled 1)NA. Jt  
shoiiltl i)c notctl t hn t  hyhritls involving ttic inlnit 1)N- i  
\ v ( w  :ilso observed in piilscs rovc,ring, in :itldition to  
tlic 2 to 5 niiniitcs, 9 to  12 : in t l  19 to  22 iriiiiiitcs tiftcr 
infcction. 

Tlic c&tence of thc natiiral Ii~%rirl,q constitiitc-: :in- 
otlicr link in tlw chiin of evitlmcc siipporting tlir 
sinlple c o n i ~ ) l ~ ~ m r i i t n r ~  tr:rn,<cription mcc1i:inisni nieii- 
tionctl earlier. 

1'. SELECTIIT SYNTHESIS OF 
ISFORLIXTIOSA4L R N A  IK 

NON-INFECTED CELLS 

We now turn to the 1 s t  qiicstion posed in tlic 
introdiictor!- par:agr:iplis, n:imcly the existence of corn- 
plementnry R N A  in normal cells. The detection :ind 
study of tlic propertic,< of roniplemcntary R S A 4  forriied 
in T2-infectd cells was grc:itly fnci1it:itetl by thc 
f:ict, that  the larger rihosonial components arc not 
synthesizetl. This :itlv:int:igr is not present in normal 
iininfcctcd cells, which eon,xqiicntly coinp1ic:itcs the 
sc:ircti for noriiial information:il R S A .  l'h:it it i.?, 
ncvcrthelcw, fe:iaiblc is suggested by the experinicnts 



ItlCIATIO?; OF ISFOR?VIATIONA41> R N B  T O  I ) S A  83 

TABLE 2. BASE RATIOS OF R S A  IS 
" s r ~ E l ~ - l ) O W l \ . "  CITI,TlTRES 

All cultures bvere transferred i n  log phase from com- 
plete t o  synthetic inedium at 30°C;. At times indicated, 
they were subjected to  a 3 rnin pulse with P32. The RNA 
was removed, purified, and  hydrolyzed with alkali in tlie 
presence of :tddctl carrier RXA.  The nucleotides in the 
result irig 1iytlrolys:ite were sep:tr:xtetl on Ilowex rolnmns, 
coiirited :tiid 0 . 1 ) .  at, 260 mp determined. The numbers 
given are derived from the t1istril)uiion of the counts 
and isotope tlilntion. For purposes of comparison the 
total l tXA h s e  composition determilied from IJV ab- 
sorption data are included for e:tch organism along with 
the homologous I)?;A base composition. 

I I Moles Per cent  
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FIGITRE 7. Sa-inyirig bucket :tiialysis in 3-20';; sucroso gritdierit of phenol ~~nr i f ied  TtSA. Cells were exposed to H3- 
uridine for 30 mi nut es during transit ion from complet c to synt,heti c rncdi y n .  
Closed circles identify prc-existent arid open circles newly synthesized RNA. 



SPIECELMAS 

Region ~~ 1 C A 

23s 25 922 

10 128 30 320 9 
6 8s 31 2 19 8 

16s 27 021 

- ~ - ~ _ _ ~  
32 18 
(22 4 26 8 

2.0 

260 
0. D. 

1.0 

0 

~ ~ ~ 

U ( T )  G & 1 F;r 
1 2 3  428  354 2 1  03 

19 029 860 1 1  02 
20 6 28 1 59 6 0 94 

18 32 64 1 00 
20 7 30 1 52 5 1 30 

~ 

521 829 756 711 05 

_ _ _ _ _  ~ 

0 

- 
(627, 1351 

P-RNA= (524 ;  /33) Ps AERUGINOSA PULSE 

1 5 4  2.1031 

IO 20 
m l  

30 

CPM 

1000 

0 

FIGL-RE 8. Swinging bncket anitlysis in 3-20‘,’, siicrose gradient of phenol purified R S A .  Cells were exposed to :I 3 
minute P3*-piilse 5 minutes after they were transferred from complete to  synthetic: mediiini. Closed circles identify 
pre-existent and open circles newly synthesized RXA. The first niunber in ptrentheses represents per cent (;C and 
the second the ratio of purines to  pyrimidines. 
Arrows indicate the fractions taken for base composition analysis 

TABLE 3 .  Ps. neruginosa: BASE COMPoSIiytox o w  
VARIOC-S SIZES OF R K A  3 M I X  l’32-Pr71,s~ 

OF “Sl’El~-~~OWX” CITLTCRE 
Conditions of experiment arid analyses similar to  

those described in Table 2. The fractions taken are those 
indicated by arrows in  Fig. 8. P-RKA metins purified 
riljosornal RXu4, arid the base composition was oht ained 
from l i V  abwrption data  of the nucleotides. 

Fraction # (Fig. 8) 

10, 11 
16, 17 
23, 21 
26, 27 

~- 

DNA 
1’-RKA 

trm4errccl from synthetic to synthetic metliiini noiild 
have rcsiiltc(l in virtiially conipletc coincidence of 
the radionctivity and optical density profiles. Here 
we see little, if any, agreement hct~veen the two. 

It \v;i:: clcurly desirable to extend our inform;itioii 
oil the R S A  hcling synthrsizcd, with p:irticiil:ir ref- 

composition:: of the varioiis size 
ihscrwd. For obvioiis niuncricul 

rr:isons : m l  other technicnl considerations, Ps. aeru- 
this inorc tlctnilqd :analysis. A 
subjected to :I 1’:” pulse, :ind 

tlir riI)oinirlei(~ : i c i t l  es:iminctl rt.ntrifugally i i i  :I 

siirrosc gr:rtlient. r I l i v  optic:il tlcnsity :ind radio- 
artivity profile:: :irr gi\-cn in Fig. 8. Tho fractiorii 
int1ic;itctl t q .  i i r row w r c )  :in:il!.zctl for h s e  coni- 
position-:. For inirposcs of’ rwtly conip;iriaon, niiinliers 
corrcspontling to thc per r e n t  GC :ind piirinc to  
pyriiiiidiiie ratio wliicli characterize cacti region are 
recorded in p:ircntlieaw, Flirttier tlctaila on the Ixisc 
ratio an:~lyses :ire given in Table 3 .  Coinparison of 
1 he piir:iiiwtrrs rcvcds that L)S&likc RN.4 of ;ill 
sizca c1:is::w have been s>-ntlies;izcd, confirming the fintl- 
ings n i t l i  E .  coli (Fig. T). A s  on(’ proce(ds to  the 
snidler size mngc ,~  (l(iS-(iS) the Iiornolog!. lxJtn.cwi 
tlic R S a I  ant1 DK.4 beconies cxccllent. 

.\lctabolic inst:iMity is :I dingnostic rli:ir:ictcrisstic 
of the T2-ItS.1, and it was of obvioiis interest to  see 
whether this feature \vas possesset1 hy thc roiiiplc- 
inent:iry R N A  synthesized in the transition period. 
Accordingly, I culture of Ps.  aerugitioscr was siihjected 
to :I p:“ piilsr in ex;ictly tlic smic iii:~nner ;w drt:iiletl 
in tlir expcriiiicnt of Fig. S. However, twirrs :I,< inrich 
rndioactivity wn,~  iisetl. Following the :i niinutvs of 
l:ilx4ing, the criltiirr w:as crntrifiigrtl, 
introtliicctl into the s:iiiic niediiini font: 
then ;illo\vetl to cliasr for 0.7 generations. Figiirc 12 de- 
scribes tlir, optical tlcnaity :ind r:itlio:tctivity profiles 
ohtained whrn purificd RNA\ from this prepra t ion  
W:IS ccntrifiigetl in the iisii:i1 n.:iy. Her(, again in& 
v i d i d  fractioii:: were takcii for I e ratio detcrniin:i- 
tiona. Tlir niinilier:: in p:ircntIieses give ttic rcsii1t.s in 
trrnis of pc’r cent GC : ind purine to pyrimidine r:itio.G. 
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FIGC.RE 9. Sninging hucket analysis in :L 3-20‘;;, sucrose gradient of phenol purified RXA. Cells represent :in aliquot 
taken from the experiment of Fig. 8 and exposed t,o a “chase” for 0.7  generations i n  non-rndioactive synthetic niediiun. 
‘rhc first niitnher in parentheses represents per rent GC and the second, ratio of purines to pyrimidines. The values 

. both UV ahsorption anti radioactivity are given. Arrows indicate fractions srtbjectetl to base composition 

UV 

22.1  
2 2 . 8  
2 9 . 2  

32 
22 .4  
2 9 . 2  

__ 

___ 

-r.\BI,k; 1. BASE C O M P O S I T I O N  OF RNA O F  I ) I F F E R E N T  SIZES sliBSE!Ql:EN1’ TO CHASE! 0 HE Cl~I.TI.RE O F  T A B L E  3 
A culture treated like that used in the experiment of Table 3 arid Fig. 8 w i s  taken after the 3 min P32-pulse, washed, 

and :illowed to grow for 0.7 generations in unlabeled medium. The R X A  was prepared and analyzed in the usual 
\vny. The data from t,he UV absorption are included to  permit it comparison of the degree of correspondence between 
the radioactive and C‘V calculation on the same samples. The fmctions taken are indicated hy the arrows in Fig. 9 .  
The data obtained on P-RKA and S-RNA were from IJV absorption data  on separately purified inaterial. P-RXA 
tins the sanie meaning its in Table 3 .  S-RNA is the R N A  remaining in the supernatant after reniov:il of ribosomes by 
ineatis of :t 38K spin for 6 hours. 

._ 

______________ 

CPM 

26.0  
25 .5  
1 9 . 1  

_______ 

___ 

I:r # 1 Region 

UV 

26.9  
26.7 
2 4 . 4  

18 
26 .8  
2 1 . 1  

____ 

_____ 

CPM 

2 2 . 2  
2 2 . 2  
31 .9  

~- 

~ _ _  

______________ 

CPM 

22.1 
21.7 
18 .8  

~ _ _ _ _ _ _ _  

-~ 

T:ililc 1 provides further tlrt:ails on thc base ratios 
tlctcriiiinrtl by both the iiltruviolrt ahsorption derived 
froni the :idtlctl csrrirr and the tlistribrition of radio- 
:ictivr counts :among the 2’4’ nwAeotidrs as eliitcd 
froni :I Doncx column. Coinp:iriron of Figs. 8 and  9 
I)roviclcs clrnr evidence of the mrtubolic ixi.+tability of 
tlio hcterogrneous R S A  syntliesizcd (hiring the trnnsi- 
tion period. The interval of cliiasing eliminated ulrnost 
coiiipletcly the tliscord:rnries hctncen the optic:il 
tleii,*ity a n d  rntlioactivity profilrs sren in tlir initial 
piilsr (Fig. S )  . Fiirtherniorc, :IS i.s evidrnt from ’rnblr 
4, tlic h s r  ratios of the I:rhcletl RS.4 in the 23s 

Ps. neruginosa 
Moles per cent 

___ 

uv 

2 0 . 8  
2 0 . 5  
20 .5  

18 
20.7 
20 .5  
___ 

G 

CPM 

29.7 
30 .6  
29 .9  

UV 

3 0 . 2  
3 0 . 0  
25 .9  

32 
30.1 
2 5 . 9  

___ 

____ 

. .. .. 

7 GC 

CPM 

5 1 . 9  
52 .8  
6 1 . 8  

_____ 

UV 

52.3  
5 2 . 8  
56 .1  

64 
52 .5  
56.1 

~ 

_~~ 

PuIPyr. 

CPM 

1.26  
1 . 2 6  
0 .97  

UV 

1.33  
1.31 
1 . 0 3  

I .co 
1 . 3 0  

, 0.97  

:ind I6S region :ire no\v typic:illy ribosoni:tl. Tlirrr is 
exrellrnt :igrrrInrnt between tlw txise ratios tlrtcriiiinrd 
by the distrihiition of ratlioactivr coiiiits and ultr:i- 
violet :tbsorption. 

It is of interest to note that tlrspitr the fact that, 
tlic ch:isc rxtcndctl for :I period of 0 . i  of :i gcncr:r- 
tion, tlicrr is still somr tlkrrrpirncy in hoth tlic profilrs 
of Fig. 5 and the h s c  compositions i n  the 4s regions 
(Tublr 4 ) .  This may br :I reflrction of the diffiriilty 
of roiiiplctc4j~ rcriiovirig inforitiatiori~rl R N A .  I t  n.oiild 
be consistent with :I mcrh:inisni wliirli involves :I coni- 
1xir:itiveIy r:rpitl brc:tktion-ii of tlir h r p r  informi- 
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FIGLIRE 10. Equilibriuni density ccntrifugntion (33K 60 hours) iri CsC1. A mixture o f  H3-RNA (8-12s) from an E'. 
coli "stepdown" culture slow cooled wi-ith single strnndetl E .  coli  ] ) S A .  1)out)le straridctl E. co l i  D N A  \\-as :ttldetl :is 
it marker. and is repre.-entetl by  the shoulder 011 the light, (right) side of the  main 0.1). peak. 
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FIGITRE 11. Fk~iiilil)riiiin tletisity ceiitrifug~atiori (33K 60 hours) in CsCI. .4 mixture of H--HXA (8-12s) from :in E.  coli 
“step-down” culture slo\\- cooled with single st raritietl DNA4 from P s .  uertrqinosu. 1)oiible strnntletl E’. coli I)NA \viis 
added as a nmrker :rnd is represented by the second peak to the right. 
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E’I~:I.RE 12. Eyuilihrium density centrifugation (33K 60 hours) in CsCl. A mixture of H3-RNA (16s) from a Ps. uerir- 
qinosa “stepdown” culture slow cooled with single stranded D S A  from 1’s. aerirqinosu. X o  marker \\-:is added. Open 
circles-dashed line gives the eflects on the cpm of treatment of the indicated fr:tc*tions with IlSAase prior to precipi- 
tation anti counting. 



tho  iiioht ::c,nsitivc t c t  for coiiil)leincrit:irity of ::e- 
qii(mecJ is t l ic  hybridization cq,erimcnt of Ha11 antl 
Spirgclriim (1961 ) .  Ever!. "coii i~~lemrnt~iry" 11S.4 
is "inforn1:itioii~iI" in at 1ra::t one scnsc~. Even if it 
i.s :I coniplciiientnry copy of :L nonsense llN.4 sc- 
q n m r c ,  it still contains the inf'orniation necessary to 
::pwify tlir order of tlic txisrs. 

I t  is inrport:int t o  cnip1i:isizo thxt thv wort1 "in- 
forrii:ition:il" is not proposed as :I siihstitritt, for 
thr, tcrni "messenger" introtlwrcl in the c1rg:int 
cxl)rriiiicnt~ition,~ L i n t 1  tlicwrizations of .J:icob :ind 
IIonotl (1961 ) . I t  seem:: likely that both tvrnrs will 
/IC iisefiil. Tliiis, :I given messenger RNA is presiinicd 
to constitute the striictiir:il progr:irri for tlir synthesis 
of :i particiilar protein. I t  obvioiisly rniist, therefore, he 
informatiorid. H o w v e r ,  not :ill inforni:ztion~il RS.4 
ricetl serve ;I messenger function. I t  is conceivdile, t is  

is inclectl implicit i n  tlic opcron tlicory of .J:icob 
ant l  Monocl (1961 ) ,  that  inforni:ition:il RN.4 mol(:- 
rule:: will he foiintl n-liich scrvc regiilatory r:ithcr 
than progr;imriiing fii1iction.K. 

13cfore conchiding it may 1 x 3  iiwfiil t o  discuss some 
1irohlern; ant1 implications which arose (luring the 
investigations tlrserilxvl :rnd which h : iw not reccivcd 
csplici t muition. 

.\. SIZlC A K D  ~T.AB1LlTY OF INFOI1MA'I'IONAI, ItX-4 

As oiir esI)ericnc(~ with inform:ition:il I1 SA :Le- 
cimiiil:itd, it lx~ramc more ;inti niore evident that  
this t>.l)e of RNA is iiniqiicly siisccptiblr to  t1egr:itl:t- 
tion in c.xtr:icts. Even highly piirified pr rpra t ions ,  
obt:iinctl from cithcr TS-infected c-ells or "stepped- 
tlonn" ciilturcs, w r c  niiieli niorc fr:tgile tlinn ri- 
ho.~onid RX-4 carried throiigli the s:iine procethires. 
In  :I wnse, the behavior of inform:ition:il RS.4 
reminds one of the npp:irc~nt inherent inst:thility of the 
synthetic polypyrimidines (see tlisciission of R i rh ,  
1958). The underlying mison may  ncll bc the siine, 
and there is ii 1)rcising ricctl for :in i i i id~~r.~tantl ing 

In  :iny event, we became increasingly careful in 
the methods i i sed  to preparc this type of TiNA. By the 
time the esperirricnta involving inf'orm:ition:tl IiN-4 
from normal cells (section Y l )  were perforrnd,  pro- 
ecdiircs had been tlevi.wl which minimized contact 
of tlie newly synthwized R S A  with enzyrn:itic:tIly 
active cstr:ict. It will hr noted from the results tle- 
scribed in this section t1i:it thcrc is rlrar cvicknce in 
these case:: of inform:rtionnl RN.4, Ifis and hrger ,  
possessing liyhritlizing ability. 

Thew observations Ict l  11s to con.<itlrr the possi- 
hility tlint tlir sinnller, 2nd inore homogeneous size, 
deduced from the carlicr experiments with the T2- 
infectctl cells (section I I ) ,  might 1i:ivr been :i eonsr- 
qiiencc of the fact that  we 1i:itl not :it that tinir iuitlcr- 
stood fiilly the instability problem. Experiments were 
therefore iintlerttiken hy S:igik, Green, and Spicgd- 

in:in (1961) to  rivs:iinine tliv sin, dktribiitioii oi T'L- 
spc~ific I<SA ii.4ng tho iiowcr I)rocctliirc.s. I t  w i s  

intleetl f o i i n t l  that ~ ~ ~ - ~ ~ o i i i ~ ~ I c i i i t ~ i i t ~ i r ~ ~  1tS.i .slio\vc~l 
:I ninrli morel tic.tc,rogt,ric,oiis tlktribiition of setlinicnt:i- 
tion constants t h n  tliat \vliicIi r1i~ir:ictcrizotl tlw 
cwrlicr esp(~rimcnts.  11 SA 1iyI~ri~l iz : i i~l~~ n-it11 T2-1)S.i 
n';is foiintl in size.< r:ingiiig from 2:iP-SS. 

Oiir cs1i(~rieiiw to tlatc, 1 t ~ : i t k  to t h  couclusion that 
inforrri:ition;il I(S.4 i.s estrcincly liet(~rogencoiis in 
size. Left iinresolvctl is th r  qiiestion ol' ivhct l i (~ tlic 
sninll sizc rangt's oliservcd :ire r i d  or :irtif:ict.s of 1111- 

:ivoitl:iblc hrr:iktlown. 
Tlicsc~ consitlcr:ition- r:iisc. :iiiotlicr issue of pr~ietic:il 

significancc. I t  is c,vitlciit that "soliiI)l(~" RS.1 i i  vu!' 
likrl!, t o  contain .siri:ill inform:itional eonipoii(~nt.s 
:is ront:iniin:ints of tlir, prc.simictl trtin-fer RS.4 molr- 
c~iilrs. I n  t1ii.s s:inic> connertion it slioiiltl 1)r notrtl t1i:it 

tlir climing cx1)eriiiicnt of Fig. 0 tlitl not siiffiw to 
cwriipletcly remove iriforni:ition:il RS.4 froin tlit, 4S 
rc,gion even after 0.7 gcncr:itions. Stimiilat 
on :imino :icitl iiicorpor:ition with so-c:illcc 
I1S.4 :irr olivioii.4y o1)c'n to mor(' than  otw 
tiori with rrsiwct to t l i c s  re,ycinsihlc agent. 

13. GESESIS O F  T t I I C  ~ ~ . i . l O i t  I<SAk C ' 0 M I Y ) ~ E S T S  

Tlir qiiestiori ii:itiir:illy :iris(,:: of t h c s  n:itiirr of thc  
niiijor RS.4 cwristitiicwts, tlicl h:is;(~ r:itios of nhic l i  h r  
no obvioiis rrl:ition to  Iioniologoiis I)KA4's. Two hypoth- 
eses can  he c~ntort:iincd :is t o  their origin. On(, i; 
they arc1 coiii~~lrriiciit:rry in tlir c('nse of bring Cyn- 

ssized :I 1)N.i iii(~(Ii:itc~(l niw1i:inisni. The secontl 
imps  that 1)N.i is riot involvtd. I n  this r:isc, tlic 

rnech:ini,m of tlicir form:itiori might involve : i n  RS.4 
templatc, :i.< :I giiitle or no tc~iiipl:itt~, tlic I'olymer h -  
ing put t ogotIi(,r niiich :IS ~)olys:i(~eli~iri(lcs are forinvtl. 

I t  might pd i : ips  swm :I simple matter to settle 
this by  esiniining for Iiyhri(1iz:ihility of the rekvaiit 
R N A  to DSA. In tlio coiirso of the prcwnt stritliw, 
rsperiments Iinvt, heen performctl in :in :ittempt to 
tlctrct hyhritl forimrtion with 23 nntl 16 
RN.1. Noncb h i s  h e n  foiintl. On the 1 
datu :iv:til:ihle we c:in state that on :I per pg tiasis, 
the h!.hritlizing :ihility of ribosomal R S A  is 10-100 
time,+ poorer than information RN.4 ohtniried k ) ~ .  the 
methods described. However, this does not scrvc to 
eliminate tlic possibility of hybrid formation with 
ribosomal R K A .  The niimerology of the sitii:ition 
makes it teehnic:ill>. tlificiilt to  obtain a definitively 
nrxgntivr :insiv('r. Consider the 23s molrciilc, \vliicli 
is the most f:ivor:iblc. It-: molcciilar n-eight of 1.6 x 
10'' reprcscnt.< ayproxirnatcly .01% of the bacterid 
genom('. If there is only one swtion of tlie LISA 
concernrd with i t ?  s\-nthr,+, thcn this is the onl!. 
portion which will liyhritlizr. To settle que.4ons of  
this naturc one will Ii:ive to piisli the sensitivit!. of 
Iiytlrib tletrction two ortlcr:: of mngnitiicle beyond 
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th,it used to date This I. teehnic,ill! difficult but b j  
110 I1le:IIl~ iliipo.sik~l~~ 

ENZYhIoLO(,Il'9L IhIPLICATLONb 

The tran-cription nierhmi-til cupported b j  the data 
tlebcribcd in the preceding bectiom n o d d  require a 
DN-4 tlcpcndcnt cnzj iiiatic niech:inim for pol\ - 
rihoiiiirlcotitle i j  nthe.is Earl! cvitlcnce .uggeiting the 
existence of w c h  :I pathn uj emerged from :I -tiid> 
(dpiegclm:in, 195s) of a cell-free system derived 
t roin E colz These prqxir'ition5 possessed con- 
.itleriiblc c:ap,acity to .? nthc-izc, pol! ribonucleotide 

routinel! p o d ) l e  to obtain between 10- :~t id 

1iicre:iseb of pol? rihoniieleotitle. The o h w v d  
-.! nthctic 'Ictix it! exhibited 'I reqiiirenient for rihoside- 
tripho-phatc\, :and hhi, 'iiid sex erel! inhibited 
b~ tre'itiiient with DSA,isc The last l e u  has wit- 
n c - 4  't notable ad\ nncc 111 our undcr.tanding of the 
tk t& of this reaction Rcecntl\ :a number of labora- 
torieq (Wci+, 1960. Humi tz ,  Bresler, md Diringer, 
1960, Ste\cn.i, 1960, and Oclio,r, Buriii'i, Kroger, and 
Weill, 1961) ha \e  iiidcpendentl> achie\ ctl a con- 
.itler,iblc purification of ,in enz) ine which >\ nthesize- 
pol\ riboriricleotide and reqiiire-. riboside t r ipho~phatc i  
:uid DN-4 Furthermore, the babe ratio of the poly- 
ribonucleotide s\ nthc-izrd be'ira 'I qtriking homolog) 
to th,it of the DN.4 used 'I. ;I prinier (Fur th ,  Hnr- 
nitz,  Goltlinaiin, 1961 , J V c i ~ ~  ;and Nak'imoto, 1961) 
The det:nlb of t1ie.e in>eatig,itions \t ill undoubtedly 
lie thoroiighl\ diicii tl b\ Hiirwitz who ha< con- 
trihutetl PO inuch to  t h i b  area 

IX ST'hILIAIZY ,4SD CONCLUSION 
The prebent paper record> our ntternpts ox cr the 

pi-t three j e u s  to  g:iin an uiitlrr<tantling of the na- 
tnrc of tlic agent nliich :~llon. the genornr to evert 
it. control over iiincroiiiolrciilnr <J nthebii The tli- 

rection taken b j  thc irrie- of invcytigntions de-cribctl 
n , i -  greath influenced in t n o  factor- One thca 
,~--uiiiption that t h r  intrrmedi:irj between the DNL4 
:ind the protein nthc-izing niechanism inlist be a 
pol\ ribonucleotide The second n as the obyer\ ntion of 
Volkin ,inti A\trnch;an n h i c h  b i i  sted th'rt ,in RYA 
Iioinologori. to the viral DSZ J preferentiall\ n- 
thc~izetl  in an  infected cell 

Before the Volkin-Aytrnrhm tlcduction could he ac- 
I tlcparture point for 'I more exten.ive cearch 

for  thi- t \ p c  of IZSA, it. cviitcncc had to be proxctl 
Thi- n .irconiplishetl h\ 4 c r t i v e h  icpnrating the 
iienli .jnthcmccl R N 4  froiii the bulk of the R S A  
of the crll Scpnmtioii WI- :irliicictl bv both zone 
(~lectro1)hore~is in  -tcircli coliimn* ,ind rcntrifug<itioni 
in qicrow gr:athent. I n  :rtldition to poszessing 'I b n v  
coiiipo.ition lioinologoii~ to T2-DN 4, T'L-R SA w:i< 

foiiiatl to h,r\c :I lower a\rr:igc .izc m t l  higher elcctro- 
plioretic inobilit\ I t  further bhown tlint T2- 

rllmonir-bound h i t  n ith 'I 1ink:igc 

much inore srnsitive to  disruption thnn noriiid ribo- 
soliliil-lt SA. 

Having estnblishctl T2-specific TtSA4 :IS :I physical 
entit >- ant1 provitletl inr~thotls for its srlcctive enricli- 
ment,  it w;is possiblc to go to the nest, stage of the 
invcstigution ant1 inquire into thcl iiicming :In11 sig- 
nifieiariee of the sitriihrit!. of 11 ratios betweeii it :ind 

done in ternis of attciiipts :it hy- 
brid formation. I t  m s  possible to show that KNA- 
DNA complexes were indeed formed when mixtiires of 
single str:intlcd T2-DSA :rnd purified T2-spreific R N A  
were d)jcctecl  to slow cooling. Thr success of the 
hybridizing experiments suggested iinmediutely that 
the original obsrrvation of :I similarity in base cot~i- 
position between T 2 - R S h  : i d  DNA  is, intlccd, :I 

reflection of :a iiitire profoiintl honiology. The fact that 
hybrid formation w:is found to  be iiniqiie to  the 
hoinologous p:iir led to the conchision thiit the niiclro- 
tide seqiiencrs of T'L-It SA and DX-4 :irr corriple- 
mentnry . 

The next oiivioiis step i s  to look for the presence 
of native eoniplcxcs i i i  , tcins actively synthrsizing 
enzyme. lJsiiig detect ion rocrillires verj- similar to 
the ones employed i n  iirtifici:tlly producing hybrids it 
\vas possible to  exhibit evitlcnrc for tlie rxistcnee of 
Ii;itural DNA-RNA h j h i d s  i n  thr  E .  coli T 2  

Finally c u m r  the qiicstion of iinivcrs:ality. The prin- 
ciplr of biologicd unity woiiltl suggrst that thr nicch:i- 
nivm of inforniation transfer in norind uiiinfected 
cells should also inr-olvr :a eompleiiient:ary RSA. In 
:in attempt to provide evitlriire for this hclief attention 
W ~ I S  tiiriietl to cultures subjectetl to :I transition from 
a rich nirtliutii, n l i i r h  supported fiast growth, to :I 

synthetic one in wliicli the growth rate \vas lower. 
Evidence had aceiuiiiil:itctl \vhieh led iis to believe 
that cells unclcrgoiiig .such ii shift were :innlogotis in 
their relative R N A  :uid protein synthesizing cnpncitics 
to  :I T2-infected cell. 

The espectation that siicli cells were prefrrrntidly 
synthesizing coiii~~lririctitary RN.4 was fiilly rc:ilized. 
I t  nxs possible to rstabli.~h with three different organ- 
isms tlie esirtcncc of :in RN.4 in iioririd erlls having 
:ill of the properties which h: id  bccn cst:iblishetl for 
the T2-specific R S A .  This noriii:il iiiform:ition:il RN.4 
cxhihited :I b:i.<e ratio :in:ilogoiis to  its honiologoiis 
DN.4, w:is i~i~,t:il)t~lit~:illy iitist:iblr, very hetcrogrneous 
in size, :inti possessed tlic :ihility to liyhriclizc spccif- 
ically with its lioinologous I)S,4. 

I t  noriltl appeiir froiri the rrsiilts s i i i i i i imizct l  licre 
and thosr rcportetl froiii other liiborntorirs :it t1ii.s 
Symposiiiin that the scnrcli for the iriforiii:ition:il 
internicdi:iry has J ) t ~ ~ n  siicccssfiil. All thr  tlatii are 
happily coiisisteiit with the skiplest tr:iiiscription- 
iiirchiini$m nicntioiictl i n  the introtliictory pr:igr:iphs, 
i.c.., the inforinctl iiiternietliary is a coiiiplcttir.nt:ir!- 
I'ol\.riboiiiiclrotitlc of its "1):irental" DNA. 
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